Abstract: The Namivo granitic lepidolite-subtype pegmatite is concentrically zoned. Textural and chemical studies show at the crystal scale and within each zone that muscovite evolved to lithian muscovite and the latter to ''mixed form'' in the outer and inner intermediate zones and core. ''Mixed form'' also evolved to lepidolite in the inner intermediate zone and core. Each of these micas represents an evolution from the pegmatite outer intermediate zone to the inner intermediate zone and core. Some crystals are progressively zoned while others are reversely zoned, but overgrowths and replacements also occur. Albite and K-feldspar evolved from the wall zone to the core and feldspar thermometry records a decrease in temperature. Columbite-(Mn) shows a compositional trend from the outer intermediate zone to the core typical of this mineral from a lepidolite-subtype granitic pegmatite. The chemical zonation of this pegmatite is derived from crystallization of an undercooled granitic melt in which a probably local constitutional zone refining of fluxing and incompatible elements contributes to the textural and chemical changes from the wall zone to the core. The unexpected occurrence of lepidolite and Fe/Mg-containing polylithionite, the richest micas in Si, Li calc . and F, in the outer intermediate zone is attributed to disequilibrium crystallization from an undercooled melt. They are associated with tantalite, and Ta precipitation may have been caused by the local decrease of Li and F in the melt. These minerals are uncommon in this zone of granitic pegmatites.
Introduction
Micas and feldspars are good petrogenetic indicators of pegmatite evolution, and consequently their geochemistry has been used to track the consolidation history of pegmatite bodies (e.g., Jahns, 1982; Jolliff et al., 1987; Monier et al., 1987; Č erný, 1994; Č erný et al., 1995; Kile & Foord, 1998; Alfonso et al., 2003; Roda Robles et al., 2006 Van Lichtervelde et al., 2008; Neiva & Ramos, 2010; Vieira et al., 2011) . However, chemical zoning in micas from pegmatites has rarely been studied (Neiva et al., 2008 (Neiva et al., , 2012 Van Lichtervelde et al., 2008) . Columbitetantalite minerals from granitic pegmatites have been studied widely and are tracers of pegmatite fractionation (e.g., Č erný et al., 1986; Beurlen et al., 2008; Neiva et al., 2008 Neiva et al., , 2012 Neiva & Ramos, 2010) .
The Namivo granitic pegmatite is located in the central part of the Alto Ligonha pegmatite area in northern Mozambique (Fig. 1) , close to the confluence of the Namivo and Mólucué rivers, in the Zambézia province. A geochemical evolution occurs from green and bluish green beryl in the outer intermediate zone to pink beryl in the inner intermediate zone, ''core margin'' and core (Neiva & Neiva, 2005) . This paper presents the study of micas, feldspars and columbite-tantalite minerals to provide information on their geochemical evolution and paragenesis and implications for the Namivo pegmatite evolution.
General geology and petrography
The Namivo granitic pegmatite intruded a Precambrian migmatitic paragneiss and the contact is sharp. It is a lepidolite-subtype pegmatite (Č erný & Ercit, 2005) , which is concentrically zoned (Fig. 2) . The wall zone (WZ) consists dominantly of quartz and K-feldspar, but also contains albite and biotite altered into chlorite. The grain size (2.5-10 cm) increases inwards.
The outer intermediate zone (OIZ) consists mainly of quartz and albite (,2.5-10 cm), but it also contains Kfeldspar, muscovite, lithian muscovite, ''mixed form'' (with both dioctahedral and trioctahedral structures, Foster, 1960) , zinnwaldite, lepidolite, polylithionite, beryl, garnet, tourmaline, a tabular variety of albite, cassiterite, gahnite, columbite-tantalite, rutile, uranium minerals and secondary muscovite and cookeite (an alteration
Sampling and analytical methods
Several samples from all zones of the Namivo granitic pegmatite and information was given by M.B. Dias, who was the exploitation manager of the company working the pegmatite in 1962, to J.M. Cotelo Neiva, who visited the pegmatite with him. All the available material was used for this study. Feldspars and micas have been selected from the zones where they occur. Columbite-tantalite minerals are from the OIZ, IIZa and Cc and tourmaline and gahnite were only found in the OIZ.
The major elements of minerals were determined using a Jeol Hyperprobe JXA-8500F operated at 15 kV accelerating voltage and 10 nA beam current, except for columbite-tantalite for which the voltage and current were 20 kV and 20 nA. Detection limits (3s) above mean background were ,0.03 wt.% for most oxides, except for ZnO, SrO, BaO, Rb 2 O, Cs 2 O (0.06 wt.%) and F (0.1 wt.%), with counting times of 80 s for these five oxides and F. The analyses were carried out at LNEG, S. Mamede de Infesta, Portugal. Standards used include albite (NaKa), orthoclase (AlKa, SiKa, KKa), apatite (CaKa, PKa), MgO (MgKa), MnTiO 3 (MnKa), TiO 2 (TiKa), Fe 2 O 3 (FeKa), ZnS (ZnKa), fluorite (FKa), vanadinite (ClKa), BaSO 4 (BaLa), SrTiO 3 (SrLa), glasses Ge-Al-Ca containing 10.0 wt.% Rb (RbLa) and Si-Al-Ca with 10.0 wt.% Cs (CsLa), cassiterite (SnKa), pure Ta (La), SrBaNb 4 O 12 (NbLa) and scheelite (WLa).
Micas

Chemical composition of micas
As different micas are associated in the same crystals (Fig. 3) , it is impossible to separate them or use a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) to determine their trace elements. Therefore, ZnO, BaO, Rb 2 O and Cs 2 O contents were determined by electron microprobe. In general, ZnO and BaO contents are low, but Rb 2 O and Cs 2 O contents are Fig. 2 . Zones of the Namivo granitic pegmatite, Mozambique. Main constituents of Wall Zone (WZ -quartz, K-feldspar); Outer Intermediate Zone (OIZ -quartz and albite), Inner Intermediate Zone (IIZa -albite and perthitic K-feldspar; IIZb -''mixed form'', lepidolite and tabular variety of albite) and Core (Cm -''core margin'' quartz and beryl; Cc -core-quartz and spodumene). (Tischendorf et al., 1997) . Secondary micas replacing feldspars were not analyzed.
Variation in the chemical composition of micas from the Namivo granitic pegmatite is shown in Table 1 and Fig. 4 . ''Mixed form'' is of course not a proper mica mineral name (Rieder et al., 1999) . The chemical distinction between dioctahedral and trioctahedral micas is the value of ,2.5 octahedral cations per formula unit in dioctahedral and !2.5 octahedral cations in trioctahedral micas for a formula calculated on the basis of 12 O þ F atoms (Rieder et al., 1999) . The Li 2 O content of analyzed ''mixed forms'' is calculated for a trioctahedral mica and the value of octahedral cations per formula unit is 2.8 and totals of analyses are good ( Table 1 ), indicating that they are trioctahedral micas. If Li 2 O contents of these analyses are calculated for a dioctahedral mica, the value of octahedral cations per formula mainly ranges between 2.3 and 2.8 and Fig. 3 . Backscattered-electron images of zoned micas from the Namivo granitic pegmatite, Mozambique. Micas a, b, c, d, d1 from the OIZ; e, f, f1from the IIZa; g, h from the IIZb; i, j from the Cc. d1 and f1 are details of d and f, respectively. Lep -lepidolite, Zin -zinnwaldite, Brlberyl, Mix f -''mixed form'', Q -quartz, Pol -polylithionite, Cst -cassiterite, Rt -rutile, Ct -columbite-tantalite, Lith mu -lithian muscovite, Ab -albite, Mu -muscovite, K-fel -K-feldspar. of Tischendorff et al., (1997) , OH* -calculated by difference to 2.000, H analytical totals are not good. The analyzed ''mixed forms'' are distinguished in backscattered-electron (BSE) images and chemically (Fig. 3b, d , d1, e, f, f1, h, i, and Fig. 4 ). The chemical distinction between ''mixed form'' and lepidolite from the OIZ (Fig. 4) is clear in Fig. 3b , where lepidolite is darker than ''mixed form'' because the former has less Fe and Mn than the latter (Table 1) , and in Fig. 3f , f1 and 3h for micas from the IIZa and IIZb, respectively, where lepidolite is lighter than ''mixed form'' because the former has more Fe 2þ and Mn or only more Mn than the latter (Table 1 ). The ''mixed forms'' analyzed are distinguished in the BSE images from the lepidolite that falls in its fields in the Fig. 4 . The fields of lepidolite composition in Foster (1960) are larger than the field for lepidolite from the trilithionite to the polylithionite (Rieder et al., 1999) . According to Fleet (2003) , only a few lepidolite compositions plot on the trilithionite-polylithionite join. In general, lepidolite has higher Si, Li calc. , Rb, Cs, F contents and lower Al VI and OH contents than ''mixed form'' (Table 1, Fig.  4 ).''Mixed form'' is also clearly distinguished from lithian muscovite in OIZ, IIZa, IIZb and Cc in BSE images ( Fig. 3d , d1, e, f, i) and chemically (Table 1, Fig.  4 ), as it generally has higher Si, Li calc. , Rb, Cs, F contents and lower Al VI and OH contents than lithian muscovite. Two distinct trends are defined in Fig. 4 . One trend consists of Al-poorer micas which are zinnwaldite, lepidolite and Fe/Mg-containing polylithionite from the OIZ. A hiatus occurs between zinnwaldite and lepidolite, but the zinnwaldite series is continuous with the field of lepidolite at the high Li content (Fleet, 2003) . The other trend consists of Al-richer micas (muscovite, lithian muscovite and ''mixed form'' from the OIZ, IIZa, IIZb and Cc and also lepidolite from most of those zones, except from the OIZ). There is a gap between lithian muscovite and the ''mixed form'', which may be explained by a hiatus in mica stability (e.g., Jolliff et al., 1987) , but a solid solution between dioctahedral and trioctahedral micas has been indicated experimentally (Monier & Robert, 1986) , while other authors have shown that the octahedral site occupancy ranges continuously from muscovite to lepidolite (e.g., Roda Robles et al., 2005; Van Lichterveld et al., 2008; Vieira et al., 2011) . Most lithian muscovites and ''mixed form'' from the OIZ are richer in Fe 2þ þMg þ Mn than those from the other zones, due to their higher Fe 2þ and Mg contents (Fig. 4 , Table 1 ).
In the Al-poorer micas from the OIZ, ranging from zinnwaldite to lepidolite and Fe/Mg-containing polylithionite (Fig. 4 -R 3þ þ Ti diagram, according to the classification of Foster (1960) slightly modified (Rieder et al., 1999) 
showing the variety of mica compositions. Two trends are defined: one for Al-poorer micas (zinnwaldite, lepidolite and Fe/Mg-containing polylithionite) from the OIZ; another for Al-richer micas (muscovite, lithian muscovite, ''mixed form'' and lepidolite) from all zones, except lepidolite from the OIZ. OIZ, IIZa, IIZb and Cc as in Fig. 2 .
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A. M. R. Neiva generally decrease and Si, Li calc. , Rb, Cs and F contents generally increase (Table 1) .
Main substitution mechanisms
The 2Si þ Li ! 3Al total mechanism operates in the dioctahedral micas (muscovite and lithian muscovite) (Fig. 5a, b) , whereas the 3Li 
Textures and chemical compositions of zoned mica crystals
Backscattered-electron images combined with quantitative spot electron-microprobe analyses made it possible to distinguish different micas in the Namivo granitic pegmatite. Similar textural aspects and geochemical observations were found between some Al-richer micas from the OIZ, IIZa, IIZb and Cc. Some selected zoned crystals are documented (Table 1 , Fig. 3 and 6 ). In the OIZ, lepidolite penetrates zinnwaldite along cleavages and partially surrounds it, and the contacts are sharp (Fig. 3a) . A chemical gap occurs between zinnwaldite and lepidolite compositions (Fig. 6a, (Fig. 3b) . The lepidolite rim has higher Si, Mg, Li calc. , Rb, F contents and lower Al VI , Ti, Fe 2þ , Mn, Na and OH contents and K/Rb ratio than the ''mixed form'' core (Table 1 ). The lepidolite rim is an Al-poorer mica, whereas the ''mixed form'' core is an Al-richer mica (Fig. 4) . The lepidolite rim corresponds to an overgrowth. The Fe/Mg-containing polylithionite partially surrounds and penetrates lepidolite along cleavages and shows well defined contacts (Fig. 3c) . Both contain rutile, cassiterite and columbite-tantalite inclusions. A continuous chemical evolution takes place from lepidolite to Fe/Mg-containing polylithionite (Figs. 4, 6c) . The latter has higher Si, Li calc. , Rb contents and lower Al VI , Ti, Fe 2þ , Mn, Mg, Zn, Na contents and K/Rb ratio (Table 1 ) and replaces lepidolite. A lithian muscovite rim with rare Fe/Mg-containing polylithionite surrounds the ''mixed form'' core and this polylithionite penetrated lithian muscovite (Fig. 3d) . The contact between the lithian muscovite rim and ''mixed form'' core is irregular, suggesting disequilibrium, or at a cleavage (Fig. 3d, d1) . Two linear trends, one for the lithian muscovite rim and another for the ''mixed form'' core are defined in the (Fe (Fig. 6d) . The Fe/Mg-containing polylithionite rim does not belong to any of these trends and plots outside this diagram because it is an Alpoorer mica, whereas the others are Al-richer micas (Fig. 4) In the IIZa some zoned crystals have a lithian muscovite core and a ''mixed form'' rim and the contacts are gradual (Fig. 3e) . A small discontinuity occurs in the trends from the lithian muscovite core to ''mixed form'' rim in the (Fe
and Rb 2 O vs. K/Rb (Fig. 6e, f) Fig. 6e, f) , indicating progressive zoning. Similar textural relationships and chemical evolutions were found in other zoned crystals from the OIZ, IIZb and Cc. In another crystal from the IIZa, lithian muscovite partially surrounds ''mixed form'' intergrown with lepidolite. Lithian muscovite also partially surrounds muscovite (Fig. 3f) . The contacts between ''mixed form'' and lepidolite and also between muscovite and lithian muscovite are gradual (Fig. 3f, f1 ), whereas they are well defined for muscovite with''mixed form'' and lepidolite (Fig. 3f, f1) . The crystal has a ''mixed form'' and lepidolite core and a partial rim of muscovite and lithian muscovite. The ''mixed form'' core evolved to lepidolite core as the Si, Fe 2þ , Mn, (Fe 2þ þ Mn þ Mg), Li calc. , K, Rb, Cs and F contents increase and the (Al IV þ Al VI ) and K/Rb ratio decrease (Table 1 , Fig. 6g, h Fig. 6g , h). Muscovite was probably reversely formed and evolved afterwards to lithian muscovite.
In the IIZb, some crystals have a lithian muscovite core and a thinner lepidolite rim (Fig. 3g) , and others show a small muscovite core and a larger rim of ''mixed form'' intergrown with lepidolite (Fig. 3h) ), Na and OH contents and K/Rb ratio than the core (Table 1, Figs. 3g, 6i, j, k; 3h, 6l) . A compositional gap occurs between core and rim in the diagrams for both crystals (Fig. 6i, j, k, l) , suggesting that both rims correspond to overgrowths and no diffuse reequilibration took place in any crystal, as the contacts between core and rim are sharp.
In the Cc, lithian muscovite is surrounded and penetrated by ''mixed form'', showing well defined contacts (Fig. 3i) Fig. 6m , n) and a compositional gap occurs between both micas, suggesting that ''mixed form'' replaced lithian muscovite. In rare crystals, a small lepidolite core is surrounded by a large muscovite rim containing K-feldspar inclusions. The contact between the core and rim is sharp (Fig. 3j) . A thin partial rim of lithian muscovite surrounds muscovite and the contact is gradual. The muscovite rim has higher Al VI , (Al IV þ Al VI ), Na, K, OH contents and a greater K/Rb value and lower Si, Fe 2þ , Mn, Li calc. , Rb, Cs and F contents than the lepidolite core (Table 1 , Fig. 6o, p) ; and a compositional gap occurs between them (Fig. 6o, p) , indicating that either muscovite forms an overgrowth or it is reversely formed. From the muscovite rim to the lithian muscovite rim, the Si, Li calc. , Rb, F contents increase, whereas the Al VI , (Al IV þ Al VI ) and OH contents and K/Rb ratio decrease (Table 1, Fig. 6o,  p) , suggesting that muscovite evolved to lithian muscovite, as also found in IIZa and IIZb.
4.4. Evolution of mica compositions within each zone, and from the outer intermediate zone to the core of the Namivo granitic pegmatite
The K/Rb ratio is taken as the best fractionation index in micas (e.g., Č erný et al., 1985; Foord et al., 1995; Wise, 1995; Pesquera et al., 1999; Roda Robles et al., 2006 . It is hard to establish trends in the evolution of mica composition from muscovite and lithian muscovite to ''mixed form'' and lepidolite within each zone, because the K/Rb ratio shows some partial overlapping, particularly between the lithian muscovite and ''mixed form'' and also between the latter and lepidolite. However, an evolution from muscovites to lepidolite (Al-richer mica, Fig. 4 ) is clearer (Fig.  7) . In general, in IIZa, IIZb and Cc, the Si, Li calc. , Rb, Cs and Fig. 7 ). This sequence is consistent, but, rarely in the Cc, lepidolite is rimmed by muscovite (Fig.  3j) . But in the OIZ the evolution stops in ''mixed form'', particularly shown by the large range of the K/Rb ratio, which mainly overlaps that of lepidolite from this zone (Fig. 7) because this lepidolite is an Al-poorer mica, whereas the others are Al-richer micas (Fig. 4) .
In the OIZ, the lepidolite has more Si, Li calc. and F and less (Al IV þ Al VI ), Ti, Fe 2þ , Mn, Mg and Zn than zinnwaldite (Table 1) , but it has larger ranges of Rb and K/Rb ratio than zinnwaldite (Fig. 7) . The Fe/Mg-containing polylithionite is the richest mica in Si, Li calc. and the poorest in (Al IV þ Al VI ) (Table 1 ). But at this zone scale, the polylithionite has Rb, Cs contents and K/Rb ratio within the ranges for lepidolite and close to those of zinnwaldite (Fig. 7) . Silicate and oxide minerals from a zoned granitic pegmatiteFrom the OIZ to IIZa, IIZb and Cc, muscovite and lithian muscovite generally show increases in the Si, Li calc. , F and Rb contents and decreases in the Fe 2þ and Mg contents and K/ Rb ratio, but the Mg content is very low in these micas from the IIZa, IIZb and Cc (Table 1, Fig. 7a ). The ''mixed form'' shows increases in the Si, Li calc. , F, Rb, Cs contents and decreases in the (Al IV þ Al VI ) and Mg contents and K/Rb ratio, but the Mg content is very low in this mica from the IIZb and Cc (Table 1, Fig. 7b, c) . The lepidolite shows an increase in the Si, Li calc. , F, Rb and Cs contents and a decrease in the K/Rb ratio from the IIZa to the IIZb and Cc (Table 1 , Fig. 7d, e) . Furthermore, the lepidolite from the OIZ has the lowest (Al IV þ Al VI ), Al VI and OH contents, the highest Si, Fe 2þ , Li calc. and F contents and K/Rb ratio and the lowest Rb and Cs contents compared to lepidolite from the other zones (Table 1 , Fig. 7d, e) .
Feldspars
Selected chemical analyses of albite and K-feldspar from five zones of the Namivo granitic pegmatite are given in Table 2 . Strontium is the most abundant trace element in albite (e.g., Č erný, 1994). Anorthite and Sr contents and Sr/ Ca ratio of albite decrease from the WZ to the Cc (Fig. 8 , Table 2 ). Rubidium is the most abundant trace element in K-feldspar, followed by Cs in IIZa, IIZb and Cc. In general, K, Rb and Cs contents of K-feldspar increase and K/ Rb and K/Cs values decrease from the WZ to the Cc (Table  2 , Fig. 9 ).
The program SOLVCALC 2.0 (Wen & Nekvasil, 1994) , using the Margules model Fuhrman & Lindsley (1988) , was applied for the purpose of thermometry. The pairing of plagioclase cores with the K-feldspars average of each sample was used to estimate the crystallization temperatures of primary magmatic feldspars. They are 405 C (WZ), 406-340 C (OIZ), 390-335 C (IIZa), 347-306 C (IIZb) and 333-289 C (Cc) at 3 kbar. The metamorphic environment of rare-element-Li granitic pegmatites is one of low pressure $2-4 kbar (Č erný & Ercit, 2005) . In general, the difference between the maximum and minimum calculated temperatures at 2, 3 and 4 kbar for the same feldspar pair from the Namivo pegmatite is lower than 40 C. The temperature decreases from the wall zone (WZ) to the core (Cc). A similar temperature behavior of feldspars was found in the pegmatite-aplite dike, USA (Morgan & London, 1999) .
Other silicates
Tourmaline of schorl composition was only found in the OIZ (Table 2) , because there was not enough Fe and Mg for schorl to precipitate in the other zones. Spodumene only occurs in the Cc and its composition is nearly pure (Table 2 ).
Columbite-tantalite
Representative chemical analyses of columbite-tantalite from the Namivo granitic pegmatite are given in Table 3 and plotted in the columbite quadrilateral (Fig. 10a) . Most crystals are unzoned, but zoned crystals with darker and lighter zones in BSE images are from the Cc. The lighter zone of columbite-(Mn) has higher Ta content, Ta/(Ta þ Nb) and Mn/(Mn þ Fe) values and lower Nb content than the darker zone (Fig. 10a, b) . The crystals of the columbite-tantalite minerals are low in W, Sn and Ti impurities (Table 3) .
The main trend starts from the columbite-(Mn) of the OIZ towards the more Mn-enriched and slightly Taenriched columbite-(Mn) from the IIZa and Cc. The highest Ta/(Ta þ Nb) values belong to the lighter zone of columbite-(Mn) with Mn/(Mn þ Fe) ¼ 1.0 from the Cc. The richest columbite-(Mn) in Ta/(Ta þ Nb) and compositions of tantalite-(Fe) and tantalite-(Mn) were only found in the OIZ (Fig. 10a ) and are associated with lepidolite and polylithionite (Fig. 3c ).
Gahnite
Gahnite was rarely found in the OIZ and shows a darker zone that partially surrounds a lighter zone in a BSE image (Fig. 11a) . The darker zone has a higher Zn content and lower Sn, Ti, Nb, Ta, Mn contents and Sn/Zn value than the lighter zone (Table 4 , Fig. 11b, c) . These gahnite compositions fall within the igneous field of Batchelor & Kinnaird (1984) . The darker zone is closer in composition to the pure gahnite (Zn 8 Al 16 O 32 ) than the lighter zone, which contains up to 0.983 apfu Sn, 0.195 apfu Ti, 1.029 apfu total Fe 2þ , 0.101 apfu Mn (Table 4 ) and, consequently, has a composition distinct from nigerite. In general, both the darker and lighter zones have higher Sn, Ti and Fe contents than gahnite from the granitic pegmatites of Nigeria (Batchelor & Kinnaird, 1984) , Arga, northern Portugal (Gomes et al., 1995) and Cabanas, northern Portugal (Neiva & Champness, 1997) , Borborema province, northeastern Brazil (Soares et al., 2007) . The Zn=Fe ''mixed form'' rim (Figs. 3e, 6e, f) and the zoning patterns correspond to fractionation trends and probably reflect a drop in temperature during the crystallization of the granitic pegmatite melt. Progressively zoned crystals also occur in OIZ, IIZb and Cc. Some crystals are reversely zoned with: a) a ''mixed form'' core and a lithian muscovite rim from the OIZ (Figs. 3d, d1, 6d) ; b) a core consisting of ''mixed form'' and lepidolite and a rim of muscovite and lithian muscovite from the IIZa (Figs. 3f, f1 , 6g, h); c) a lepidolite core and a muscovite and lithian muscovite rim from the Cc (Figs. 3j, 6o , p), which may be explained by the hypothesis of oscillations in the compositions of the melt from which they grew, alternating between an Lienriched boundary layer and a bulk melt that is less fractionated. The muscovite evolved to lithian muscovite in IIZa and Cc (Figs. 3f, 6g, h; 3j, 6o, p) . Replacements (Figs. 3a, 6a, b; 3c, 6c; 3i, 6m, n; (Figs. 3f, f1 , 6g, h; 3h, 6l; Table 1 ). All these evolutions are due to fractional crystallization.
In the OIZ, lepidolite has more Si, Li calc. and F, but similar K/Rb to that of zinnwaldite and replaces it (Figs. 3a, 6a, b, 7d; Table 1 ). An Fe/Mg-containing polylithionite has higher Si, Li calc. and Rb contents and a smaller K/Rb ratio than the lepidolite that it replaces (Figs. 3c, 6c ; Table  1 ) and a continuous chemical evolution from lepidolite to polylithionite is shown.
The trends for major and trace elements of micas within each zone are difficult to define due to some partial overlapping, but a progressive evolution from muscovite to lithian muscovite, ''mixed form'' and lepidolite in IIZa, IIZb and Cc is mainly shown by an increase in the Si, Li calc. , F, Rb and Cs contents and a decrease in the K/Rb ratio, and this is similarly shown in the OIZ from muscovite to ''mixed form'' (Table 1, Fig. 7 ). In the OIZ, Si and Li calc. contents increase progressively from zinnwaldite to lepidolite and Fe/Mgcontaining polylithionite, but a gap occurs between zinnwaldite and lepidolite (Table 1, Fig. 4) , whereas a continuous evolution from lepidolite to polylithionite is observed. The K/Rb ratios of zinnwaldite and polylithionite are within the range of that of lepidolite (Fig. 7d, e) .
Each Al-richer mica (muscovite, lithian muscovite and ''mixed form'') exhibits an evolution from the OIZ to the IIZa and then to the IIZb and Cc, particularly shown by an increase in the Si, Li calc. , F and Rb contents and a decrease in the K/Rb ratio, but also an increase in the Cs content in the ''mixed form'' (Table 1, Fig. 7 ). These elements and ratio have been used as petrogenetic indicators of evolution in micas from pegmatites (e. Silicate and oxide minerals from a zoned granitic pegmatite 977 . Lepidolite from the OIZ is an Al-poorer mica (Fig.  4) and has the highest Si, Li calc. and F contents ( Table 1 ), indicating that an evolution cannot be shown from this lepidolite to lepidolites from the other zones, which are Al-richer micas (Fig. 4) . However, there is a regular decrease in the K/Rb ratio and a progressive increase in the Rb and Cs contents from lepidolite of the OIZ to lepidolite of IIZa, IIZb and Cc (Fig. 7) , which indicates that the K/Rb ratio and Rb and Cs contents must not be considered alone to show fractional crystallization in lepidolites, particularly if some are Al-richer micas and others Al-poorer micas. The high Li calc. and F contents of lepidolite from the OIZ did not decrease its K/Rb ratio. Such an effect is considered to have taken place in lepidolite (an Al-richer mica) from the wall zone of the Tanco pegmatite, Manitoba, Canada (Van Lichtervelde et al., 2008 ). An evolution from the lepidolite of the IIZa to that of the Cc is generally shown by the increasing Si, Li calc. , F, Rb, Cs contents and a decrease in the K/Rb ratio (Table  1 , Fig. 7) . At the scale of crystals, the pegmatite zones and also those from the OIZ to the Cc of the Namivo granitic pegmatite, Al-richer micas show fractionation, because they formed from the fractionation of an Li-rich pegmatite melt.
The Al-poorer micas zinnwaldite, lepidolite and Fe/Mgcontaining polylithionite only occur in the OIZ (Fig. 4) . Polylithionite is the mica richest in Si and Li calc. and lepidolite from this zone is the richest in Si, Li calc. and F (Fig. 4 , Table 1 ). The high Li contents of these micas reflect a considerably higher D(Li) at low temperature (Icenhower & London, 1995) . These Li-rich micas may have crystallized from an undercooled melt. This hypothesis does not imply high Rb and Cs contents and low K/Rb ratios. This agrees with the fact that these micas from the OIZ have similar Rb and Cs contents and K/Rb ratios to those of Alricher micas (muscovite, lithian muscovite and ''mixed form'') from the same pegmatite zone (Fig. 7) . However, the lepidolite from the wall zone of the Tanco pegmatite, Canada, of a similar origin, has a low K/Rb ratio, which is attributed to the complexly interrelated structural components of this lepidolite (Van Lichtervelde et al., 2008) . The Li-rich micas from the OIZ may also represent disequilibrium. These two hypotheses are considered the best for these micas of primary magmatic origin.
Another hypothesis was also considered. They may have crystallized in boundary layers, which concentrate Li and F. But this mechanism was suggested for the most fractionated tourmaline, enriched in Li and F from the core of the Little Three pegmatite dike, USA (Morgan & London, 1999) and the micas enriched in Li and F from the Namivo pegmatite belonging to the OIZ. Furthermore, in a boundary layer melt that became enriched in Li and F, the K/Rb ratio of micas decreases strongly (Van Lichtervelde et al., 2008) , which was not found in these micas from the OIZ (Fig. 7d) . Nor can they have resulted from the crystallization of a late melt that would have reacted with the OIZ, because these micas are among those containing the highest K/Rb values (Fig. 7d) .
The importance of feldspars, micas and columbite-tantalite compositions to the Namivo granitic pegmatite evolution
The trace elements Rb and Cs and the K/Rb and K/Cs ratios have been used to show the evolution of K-feldspar in pegmatites (e.g., Č erný, 1994; Č erný et al., 2005; Roda Robles et al., 2005) . The Rb and Cs contents increase and the K/Rb and K/Cs ratios of K-feldspar decrease from the WZ to the Cc (Fig. 9, Table 2 ), reflecting the growth of Kfeldspar from an increasingly fractionated melt without having grown from or having been chemically modified by an aqueous fluid, as in the Swamp pegmatite section at the Little Three Mine, USA . The crystallization of K-feldspar from an exsolved aqueous fluid from melt will reverse the magmatic fractionation of Rb, Cs, K/Rb and K/Cs, because Rb, and especially Cs, are so much more compatible in vapor that both Rb and Cs remain in the fluid phase . The feldspar solvus pairs in the Namivo pegmatite record magmatic crystallization temperatures that decrease from WZ to Cc. Albite shows a decrease in the Ca, Sr contents and Sr/Ca ratio from the WZ to the Cc (Fig. 8, Table 2 ). Therefore, the feldspars and also Al-richer micas, as already explained, show fractionation in this zoned pegmatite.
In general, lepidolite from the Namivo pegmatite has similar Rb 2 O and Cs 2 O contents and K/Rb (wt) values to those of lepidolite from the Rožná and Dobrá Voda lepidolite-subtype pegmatites in the Czech Republic (Č erný et al., 1995) , but lower Rb 2 O and Cs 2 O contents than lepidolite from the lepidolite-subtype pegmatite at Red Cross Lake, Manitoba, Canada (Č erný et al., 2012a). Kfeldspar from the Namivo pegmatite also has lower Rb 2 O 
D -darker, L -lighter zones. -Not detected, tant-tantalite, col-columbite. Cation formula on the basis of 6 atoms of oxygen. and Cs 2 O contents than K-feldspar from the lepidolitesubtype pegmatite at Red Cross Lake. The Rb 2 O and Cs 2 O contents of primary and late K-feldspar of this pegmatite at Red Cross Lake attained unprecedented levels (Č erný et al., 2012a) . The lowest K/Rb (wt) values of muscovite, lithian muscovite, ''mixed form'' and lepidolite from the IIZb and Cc (Fig. 7) and K-feldspar (K/Rb ¼ 14) from the Cc compare well with those found in these minerals from the AC6 ¼3 lepidolite-subtype pegmatite from Greer Lake (Č erný et al., 2005) contents of these oxides than the most evolved K-feldspar from the Tanco pegmatite (Č erný, 2005a) . The magmatic fractionation was strong from the WZ to IIZb and Cc of the Namivo lepidolite-subtype pegmatite. The compositional trend of columbite-(Mn) from the OIZ to Cc of the Namivo granitic lepidolite-subtype pegmatite (Fig. 10) is identical to that of columbite-group minerals from the lepidolite-subtype complex granitic pegmatites from the Dobrá Voda, in the Moldanubicum, Czech Republic (Novák & Č erný, 1998) and the Himalaya District, southern California (shown in Č erný et al., 2004) . Experimental data for the Fe-Mn pair (Linnen & Cuney, 2005) suggest an increase in Fe with fractional crystallization, which is not observed in nature. Other phases seem to control the bahavior of Fe and Mn in the melt, e.g. the crystallization of tourmaline causes a rapid increase of the Mn/Fe in the melt (Van Lichtervelde et al., 2006) . When the crystallization of tourmaline stopped, the columbite-tantalite minerals showed a constant Mn/Fe, indicating that the Fe and Mn contents in the melt remained constant. Schorl only occurs in the OIZ of the Namivo granitic pegmatite and its crystallization cannot be responsible for the increase in the Mn/Fe of the melt, because Mn/(Mn þ Fe) of columbite-(Mn) increases progressively from the OIZ to the IIZa and Cc (Fig. 10) . Garnet, zinnwaldite and gahnite containing Fe and Mn also only occur in the OIZ and cannot also have caused the increase of the Mn/Fe in the melt. The dominant Mn enrichment, before Ta enrichment started in the columbite--tantalite composition from some granitic pegmatites, is attributed to an increased alkali-fluoride activity at moderate mHF (Č erný et al., 2004) and an increase in the activity of fluorine (Martins et al., 2011) . Each Al-richer mica (muscovite, lithian muscovite and ''mixed form'') from the Namivo granitic pegmatite shows an increase in F content from the OIZ to the IIZa, IIZb and Cc (Table 1 ). In general, the F content of lepidolite also increases from the IIZa to the IIZb and Cc. Therefore, the extreme Fe-Mn fractionation before Ta enrichment in columbite-(Mn) (Fig. 10) may be due to an increase in the activity of fluorine, as a consequence of fractional crystallization. The increase in the Ta content of columbite-(Mn) from the Namivo granitic pegmatite is attributed to fractional crystallization.
The geochemical evolution of albite and K-feldspar from the WZ to the Cc, Al-richer micas muscovite, lithian muscovite and ''mixed form'' from the OIZ to the Cc and lepidolite from the IIZa to the Cc, and columbite-(Mn) and also beryl (Neiva & Neiva, 2005) from the OIZ to the Cc are caused by magma fractionation. The pegmatite zones are the product of primary crystallization from a volatilerich silicate melt. The pegmatite consolidated from the WZ to the Cc. The IIZb is one of the most evolved zones, as also suggested by the beryl composition (Neiva & Neiva, 2005) and is the richest in ''mixed form'' and lepidolite.
The richest columbite-(Mn) in Ta/(Ta þ Nb) and compositions of tantalite-(Fe) and tantalite-(Mn) only occur in the OIZ (Fig. 10a ) associated with lepidolite and polythionite (Fig. 3c) , which may be due to the local depletion of Li and F in the melt, which decreases the solubility of Ta and causes Ta precipitation (Linnen, 1998 ; Linnen & Cuney, 9.3. Origin and evolution of the zoned granitic lepidolite-subtype pegmatite at Namivo
In general, granitic pegmatites, particularly those belonging to the rare-element class, are accepted as having been formed by the fractional crystallization of a granite melt (e.g. Č erný, 1991a , b, 1992 Neiva et al. 2008 Neiva et al. , 2012 RodaRobles et al., 2012) . But it also has been proposed that pegmatites may be formed by partial melting of appropriate rock compositions (e.g. Shearer et al., 1992; Roda Robles et al., 1999) . The lepidolite-subtype pegmatites belong to the LCT (lithium-cesium-tantalum) family (Č erný & Ercit, 2005) . They are derived by fractional crystallization of a granite magma (e.g. Neiva & Ramos, 2010; Č erný et al., 2012b) . Experimental work by London et al. (1989) and London (1990) , using Macusani glass as a starting material, equivalent to the bulk composition of highly fractionated rare-alkali-rich pegmatites, under highly evolved and hydrous, but H 2 O undersaturated, melt, obtained the latest primary assemblage consisting of an Li-rich mica þ albite þ quartz deposited directly from the primary melt phase. Other authors, e.g. Zasedatelev (1974 Zasedatelev ( , 1977 and Stewart (1978) argue that lepidolite-bearing pegmatites are derived from direct anatexis and Gordiyenko et al., (1996) consider that they are derived from an undefined medium and the rare-element mineralization is superimposed on preexisting barren pegmatites.
Lepidolite-subtype pegmatites may migrate a long way from their parent granites, because their volatile-rich, highly fluid pegmatite melts are stable at relatively low temperatures (e.g. Č erný et al., 2005; Antunes et al., 2013) . Therefore, the Namivo pegmatite is probably derived by fractional crystallization of an S-type granite magma, which resulted from partial melting of metamorphosed juvenile sediments containing micas that carry most of the trace elements that define the signature of the LCT pegmatites (e.g. Dahl et al., 1993) .
The two main models for the internal evolution of pegmatites that dominated for more than a century are a) the fractional crystallization of a flux-bearing granitic melt from the margins to the center of the pegmatite (Cameron et al., 1949) ; b) the interactions of an aqueous fluid with granitic melt (Jahns & Burnham, 1969; Jahns, 1982) . The recent model of constitutional zone refining combines aspects of both models and invokes the formation of a flux-enriched (London, 2008; . Lepidolite-subtype pegmatites are generally scarce (Č erný et al., 2005) , particularly the zoned ones. In the symmetrically zoned lepidolite-subtype pegmatites of Rožná and Dobrá Voda, Czech Republic, micas (Č erný et al., 1995) , tourmaline (Selway et al., 1999) and columbite-group minerals (Novák & Č erný, 1998) evolve from the outermost zone to the innermost zone, following the crystallization sequence. The same was found in tourmaline from the zoned Laštovičky, Dolní Bory and Raddovice lepidolite-subtype pegmatite dikes, in the Czeck Republic (Selway et al., 1999) .
In general, beryl (Neiva & Neiva, 2005) , feldspars, micas and columbite-(Mn) (in this paper) from the Namivo lepidolite-subtype pegmatite record the progressive chemical evolution of the pegmatite from the wall zone to the core. These minerals were produced by crystallization from a silicate melt rather than an aqueous fluid phase. The slow cooling of melt shown by the magmatic crystallization temperatures of feldspars cannot explain the increase in grain-size of minerals from the wall zone to the core, but fluxes will be necessary to promote the change of texture, particularly a flux-rich hydrosilicate liquid, according to the experimental evidence (London, 2009 ). The constitutional zone refining model will be the best for this zoned pegmatite and probably for all lepidolite-subtype pegmatites, because this model also produces a higher final concentration of incompatible components in a smaller volume of rock than fractional crystallization does (Morgan & London, 1999) .
The core margin at the Rožná pegmatite contains K-feldspar and quartz and the core consists mainly of quartz, but it is surrounded and penetrated by a quartz-bearing albite þ lepidolite complex, which contains several minerals. At the Dobrá Voda pegmatite, the center of the dike is occupied by the lepidolite unit, containing albite and other minerals (Č erný et al., 1995) . At the Namivo pegmatite, the core margin consists of quartz and beryl and the core contains mainly quartz and spodumene, but also albite, lepidolite and other minerals. The last-unit assemblages of primary minerals in most of the highly fractionated LCT pegmatites are rich in albite and commonly contain lepidolite or spodumene and most of the other rare phases. These units represent the last, most fractionated liquid that can be derived by fractional crystallization of a crustal melt (London, 2008) .
The Namivo granitic pegmatite shows a significant distinction from the other zoned lepidolite-subtype pegmatites and LCT pegmatites, except the Tanco petalite-subtype pegmatite, in Canada, because the lepidolite richest in Si, Li and F, Fe/Mg-containing polylithionite and associated columbite-(Mn) with the highest Ta/(Ta þ Nb) ratio, tantalite-(Fe) and tantalite-(Mn) only occur in the outer intermediate zone. These minerals usually form late in the consolidation of pegmatites. The lepidolite and polylithionite are probably derived from the disequilibrium crystallization of an undercooled melt. Tantalite may reflect a local decrease in Li and F that caused Ta precipitation. This paper contributes to a better understanding of the origin and evolution of the rare zoned lepidolite-subtype pegmatites and shows that, although the pegmatite evolved from the wall zone to the core, it presents an unusual association of lepidolite, polylithionite and tantalite in the outer intermediate zone.
